ditions on yarn hairiness, as well as the measurements and measuring equipment for hairiness.
Rust and Peykamian [21] revealed that fibers migrate even during the winding process, increasing yam hairiness afterwards, and a higher winding tension and/or higher yam velocity leads to more fiber migration and hence more severe yarn hairiness. Tarafder [23] studied the influence of the winding process on yam hairiness; he observed that the increased hairiness at the bottom of the bobbin was greater than that at the top after winding. Chellamani [3] and Krishnaswamy [7] found that the number of short fiber trailing ends decreased due to winding if the bobbin yam was excessively hairy.
During the winding process, when a yarn passes the tension disk, the yarn guide, and the grooved drum, the loose fiber ends on the surface of the yarn are rubbed acutely, which inevitably causes changes in yarn hairiness. However, the details or the physical mechanisms of such changes have been virtually overlooked, and there are no theoretical analyses of this issue in previously published studies. In this paper, we mainly explore the problem of yarn hairiness changes due to contact with the tension disk and grooved drum during the winding process. Because most of the hairiness is of the protruding fiber end type, we will focus on protruding hairiness, and more specifically, on trailing hairiness.
Interactions of Trailing Fiber Ends and Tension Disk
When a protruding fiber end is in contact with the tension disk during the winding process, the contacting model is as illustrated in Figure 1 , where L. is the width of the tension disk, Lf, is the length of the trailing fiber end, To and T, are the initial and exit yarn tensions, V is the velocity of the yam, and a, b are the end surfaces of the tension disk. Further, as shown in Figure 1 Figure 2a . If we select a cross section of the yam in Figure 2b , the pressure per unit length acted by the tension disk on the yarn is WP. As in most analyses, we assume that all fibers have a cylindrical shape and are identical in physical and geometric properties. MEAN Platt [20] . Platt In each figure, when tension in the yarn is relatively large, the elongation differences of the yarns caused by both stress transfer between fibers and fiber slippage during yarn extension [11, 12] Figure 2a , and this case is similar to the one analyzed by Pan [ 13, 14] , which we have adopted here. Because the fiber end is pressed by only mild force during winding, the deformation of the fiber itself can be neglected. When the fiber end has a tendency to move due to friction from the tension disk, the resistance-from a single fiber contacting point, which is caused by friction with the yarn surface, is [ 13, 14] where T, is the nominal shear strength per unit area, and {3 is a parameter defined and calculated in references 13 Figure 1 , when the yarn passes the tension disk from b to a, the tension of the yam changes from To to T, . Because the yarn is virtually straight during movement, we consider this tension change to be linear. Further, if point b is taken as the origin of the X coordinate, the tension T versus X is shown in Figure 4 . Denoting the net length of the yam as X2 -X, , the mean tension on the yarn can then be expressed by the tension at the position of (X2 + Xt)/2. Next, we define a dimensionless parameter, ' Obviously, the necessary and sufficient condition for a fiber being pulled out is F, > F2 + P or K > 1. Figure 1 in the direction of the yarn axis is For the trailing fiber end, the frictional force from the tension disk can be calculated from Equation 9 . Figures 5 and 6 , using the data in Table  I , we learn from the figures that when the embedded length or Se of a fiber is constant, the value of a,, and FIGURE 5. Relationship between a, and twist factor T,.. Figure  7 . In that figure, we Figure 8 . We see FIGURE 7 . Relationship between K&dquo;, and yam twist factor T,.. Figure 9 . Figure 9 shows that the value of ~ becomes very large once the yarn twist factor is beyond a certain level. In other words, if we assume ~ >> I or f, (T,, Se) »R. f2(T,., Se), the maximum error is 1/20 or 5%, which R, -' seems acceptable. Using the assumption above, Equation 20a can be rewritten as Again ~,3 > ~,~,, is necessary, and K > I is both a necessary and sufficient condition for a protruding fiber being pulled out of the yarn.
During the winding process, 1L3 obviously remains constant, but the value of 0 increases because of the growing cheese volume. From Equation 20d, for given yarn structure and winding conditions, K is determined explicitly by 0 only. By setting the critical condition K -1, the relation of the twist factor T~. and the critical value of 0 at different embedded aspect ratios of hairiness S, is obtained in Figure 10 . In Figure 10 , the whole plane can be divided into two parts. If a point given by both twist factor T, and 0 falls in Part I where K > I , the protruding fiber will be pulled out, while if the point is in Part II or K < 1, the fiber cannot be pulled out. From Figure 10 , we can also observe that there exists an optimal twist level where the critical value of 0 reaches its maximum, meaning that at this optimal twist level, the yam gripping on all fibers is greatest, or the fibers are most likely not going to be pulled out. Deviating from this optimal twist level, the fibers become less resistant. Not surprisingly, this opti- FIGURE 10. Relationship between 4> and twist factor T,.
at different Sr.
mal twist is likely the same as that leading to a maximum staple yarn strength; the decline is caused by the fiber obliquity effect. Also from Figure 10 , we see that the larger the Se (thus the shorter the hair length), the greater the 0 value at a given twist level, so the fiber is more difficult to pull out. ' 
Conclusions
We have analyzed theoretically the impact of the winding process on yarn hairiness in this paper to provide a mathematical construct proving some previously known (through observation) concepts. First, for the effect of the tension disk, a criterion of whether such fiber pulling-out actually takes place is established by a ratio K of the total pulling out force to the gripping force exerted on the fiber during the winding process. Whereas by setting the ratio K = 1, the parameter 0 can then be used as the criterion to study the influence of the grooved drum' and cheese on yarn hairiness. More specifically, first, the effects of winding on yarn hairiness are determined by yarn structural characteristics such as the twist factor Ty and the embedded fiber length S, and the winding conditions including the pressure W, exerted on the yarn and the winding tension T. Second, for a given set of the other three parameters above, there is an optimal Ty level at which the yarn gripping force on the fibers reaches a maximum, just like yarn strength, making it most difficult for fibers, to be pulled out. Third, understandably, increasing the yarn tension T, i.e., winding speed £ or the embedded fiber length Se or compression W, will abate the impact on hairiness during winding. Fourth, the pulling-out criterion also depends on the relations between the frictional coefficients of 
